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E-mail address: shin@nupals.ac.jp (S. Ichikawa).We used retroviral-mediated expression cloning to identify cDNAs that inhibit cell death induced by
oxidative stress. To isolate the genes, we introduced a murine embryonic retroviral cDNA library
into NIH/3T3 cells, and selected for cells resistant to hydrogen peroxide. The surviving cells were
cloned, and the integrated cDNAs were rescued by polymerase chain reaction. Several of the isolated
cDNAs are known to be involved in modulating the redox state of cells. Other cDNAs encode proteins
known to suppress apoptosis caused by reasons other than oxidative stress. These included poly-
adenylate-binding protein, cytosolic 1 (Pabpc1) and translationally controlled tumor protein (TCTP).
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction sis or necrosis, depending on the type of cell and other conditionsOxidative stress has been implicated in aging and in the patho-
physiology of various diseases such as diabetes, cancer, and Parkin-
son’s disease [1]. Intrinsic reactive oxygen species (ROS) such as
hydrogen peroxide, superoxide, and hydroxyl radicals are gener-
ated in cells in the course of normal metabolism, including electron
transport and various oxidase reactions. Most of these reactions
occur in mitochondria or peroxisomes, and the leakage of ROS from
these organelles causes mutations and cellular stress. In addition,
exogenous factors including irradiation, inﬂammatory cytokines,
and chemical carcinogens also lead to ROS generation.
In vitro treatment of cells with exogenous hydrogen peroxide
leads to intracellular ROS production. The accumulation of ROS in-
side the cell causes DNA strand breaks, the oxidation of lipids, and
the reduction of intracellular antioxidants [1]. The key determinant
of the cellular response to oxidative stress depends on the levels
and forms of endogenous antioxidants such as glutathione and thi-
oredoxin. These antioxidants serve as scavengers of ROS. For exam-
ple, hydrogen peroxide is reduced and detoxiﬁed by the action of
glutathione peroxidase, which catalyzes the oxidation of glutathi-
one. Superoxide dismutase, thioredoxin reductase, thioredoxin
peroxidase, and catalase also play roles in the degradation of ROS.
If the oxidative stress is too intense, cells may succumb to the
cytotoxic effects of the accumulated ROS, and die by either apopto-chemical Societies. Published by E
medium; PCR, polymerase[2,3]. Oxidative stress has been reported to activate NF-jB [4] and/
or caspase-dependent [5] pathways to trigger apoptosis. Recent
studies showed that stress kinases are also implicated in oxidative
stress-induced apoptosis. For instance, changes in glutathione or
thioredoxin levels have been associated with the activation of
stress kinases. In vitro treatment of cells with hydrogen peroxide
activates multiple stress kinase cascades, which protect or promote
cell death [6–10].
Although the human genome has been sequenced, the functions
of many of our genes remain unknown. Expression cloning based
on phenotypic selection and retroviral cDNA libraries is a useful
approach to the identiﬁcation of genes with speciﬁc functions,
and has previously been applied to deﬁne genes for drug resistance
[11]. Since oxidative stress contributes to aging and various dis-
eases, genes that inhibit cell death are of great interest from the
viewpoint of disease prevention. In this study, we used retrovi-
ral-mediated expression cloning to identify genes that inhibit cell
death induced by oxidative stress. This strategy allowed us to iden-
tify genes that protect the mouse embryo against oxidative stress.2. Materials and methods
2.1. Materials
A murine (Swiss Webster/NIH) 7-day embryo(7E) cDNA library
in retrovirus vector pLIB and Ecotropic packaging cells, EcoPack2-
293, were purchased from Clontech (Tokyo, Japan). CHO K-1 cellslsevier B.V. All rights reserved.
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vector was obtained from Clontech.
2.2. Isolation of cDNAs which protect cells from cell death induced by
hydrogen peroxide
EcoPack2-293 cells (6  106) (Clontech) in 10 ml Dulbecco’s
modiﬁed Eagle medium (DMEM, GIBCO, Tokyo, Japan) supple-
mented with 10% fetal bovine serum (Biowest, Miami, FL) were
seeded in 10 cm plates 24 h prior to transfection. For transfection,
the library DNA (10 lg) in 500 ll water was mixed with 50 ll CaCl2
and with 500 ll 2 HBS (280 mM NaCl, 50 mM HEPES, and 2.8 mM
NaHPO4, pH 7.1). Ten minutes later, the mixture was added to the
cells. After a 15 h incubation, the transfection mixture was re-
placed with fresh medium. Thirty hours later, the medium contain-
ing virus was harvested and passed through a nitrocellulose ﬁlter
(0.45 lm, Corning, Tokyo, Japan). This ﬁltrate was added to NIH/
3T3 cells (108 cfu/ml). Polybrene (Sigma, Tokyo, Japan) was added
to the medium at a ﬁnal concentration of 8 lg/ml. Twenty-four
hours after the incubation, the medium was removed and replaced
with medium containing hydrogen peroxide at a concentration of
500 lM. The medium containing hydrogen peroxide was changed
daily. After 3 weeks of incubation, the colonies formed by surviving
cells were isolated with cloning cylinders. Each clone was exam-
ined for resistance against hydrogen peroxide with WST-8 (Cell
Counting Kit-8, Dojindo, Tokyo, Japan).
2.3. Polymerase chain reaction (PCR)
PCR was performed by Expand High Fidelity PCR system (Roche
Diagnostics, Manheim, Germany). In a typical experiment, the
reaction was carried out in the presence of 4% DMSO, 1.5 mM
MgCl2, 0.4 mM each of dNTPs (dATP, dTTP, dCTP and dGTP), and
appropriate amount of template cDNA and primers.Fig. 1. Strategy for the identiﬁcation of hydrogen peroxide resistance genes from 7-
day mouse embryos using retroviral-mediated expression cloning. Cells were
selected with 500 lM hydrogen peroxide. Details are described in Section 2.2.4. Preparation of genomic DNA and recovery of integrated cDNA
Genomic DNA of each clone was prepared by standard methods
[12]. The integrated cDNA was recovered by PCR using pLIB vector
primers. For a typical ampliﬁcation, thermal cycling was performed
for 35 cycles at 94 C for 1 min, 57 C for 1 min, and 68 C for 3 min.
The sequences of primers used are as follows:
50-pLIB primer: 50-AGCCCCTCACTCCTTCTCTAG-30.
30-pLIB primer: 50-ACCTACAGGTGGGGTCTTTCATTTCATTCCC-30.
Nucleotide sequences of recovered cDNA were determined
either directly or after cloning into pZero1.0 (Invitrogen, Tokyo, Ja-
pan) or pLIB vectors.
2.5. Stable expression of exogenous translationally controlled tumor
protein (TCTP) in CHO-K1 cells
TCTP cDNA was recloned into bicistronic pIRESpuro3 vector by
PCR. In brief, TCTP cDNA was ampliﬁed by PCR using TCTP cDNA as
a template and the following primers corresponding to the cDNA
sequence:
Forward primer: 50-ATTAGATATCCCCCCTCCCCCCGCGCGCC-30.
Reverse primer: 50-CAGTGGATCCTTAACATTTCTCCATCTCTA
AGCCATC-30.
Thermal cycling was performed for 35 cycles at 94 C for 1 min,
68 C for 2 min. The reverse primer contained a BamHI site at the 50end. The ampliﬁed DNA fragment was digested with BamHI, gel-
puriﬁed, and cloned into the pIRESpuro3 vector that had been di-
gested with EcoRV and BamHI. The resulting construction (pIRES-
TC) was transfected into CHO-K1 cells using the TransFectin trans-
fection reagent (Bio-Rad, Tokyo, Japan) according to the manufac-
turer’s instructions, and selected with 20 lg/ml Puromycin for a
month. The surviving cells were used for experiments without clo-
nal selection. The cells were designated as pIRES-TC/CHO-K1. Cells
transfected with the vector without an insert (pIRES/CHO-K1) were
also produced as described above, and used as a control. Expres-
sion of TCTP in transfected cells was estimated by reverse tran-
scription-polymerase chain reaction (RT-PCR). Glucosylceramide
synthase (GlcT-1) mRNA was also evaluated as a normalization
control [13]. Total RNA was prepared from the cells using the TRI-
zol Reagent (Invitrogen), and was reverse-transcribed using M-
MLV RT (Invitrogen) according to the manufacturer’s instructions.
The resulting cDNAs were used as templates for PCR. The primers
used are as follows:
TCTP forward primer: 50-ATCAGCCATGACGAGCTGTTCTCC-30.
TCTP reverse primer: 50-TTTTCACCAATAAAAAACTGGTAGTT-
ATT-30.
GlcT-1 forward primer: 50-ATGATGATGATCCAGCCATTGAT-
GATGT-30.
GlcT-1 reverse primer: 50-TCAATTTCTCAGTTTCAATCCAGAATG-
30.
For the ampliﬁcation of the TCTP cDNA, thermal cycling was
performed for 26 cycles at 94 C for 1 min, 60 C for 1 min, and
68 C for 2 min and for the GlcT-1 cDNA, it was performed for 28
cycles at 94 C for 1 min, 61 C for 1 min, and 68 C for 2 min.
For semi-quantiﬁcation, agarose gel images were processed
with either Adobe Photoshop6 (Adobe Systems, Mountain View,
CM) or NIH ImageJ (Rasband, 1997–2005) software.
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Fig. 2. Hydrogen peroxide resistance of cell lines established by retroviral-
mediated gene transfer. The cells (6.0  103) in 100 ll of DMEM medium supple-
mented with fetal bovine serum were seeded in each well of 96-well format
microtiter plate. After 24 h, the medium was replaced by one containing 500 lM
hydrogen peroxide. Following 48 h incubation, the medium was replaced and 10 lL
of WST-8 solution was added to each well. After 2 h of incubation, absorbance at
450 nm was measured by a microplate reader (Model 550, Bio-Rad). The cDNA
contained in each cell line is as follows: No. 1, glutamine synthetase; No. 80,
polyadenylate-binding protein; No. 97, c-glutamyl transpeptidase; No. 176, gluta-
thione S-transferase pi; No. 215, contained both polyadenylate-binding protein and
translationally controlled tumor protein; No. 228, translationally controlled tumor
protein. Values are means of at least three experiments, presented with S.D.
Table 1
List of genes that suppress hydrogen peroxide-induced cell death.
Gene Symbol GenBank accession
no.
No. of
hit
Glutathione S-transferase, pi Gstp1 NM_013541 1
Glutamine synthetase Glul NM_008131 1
c-Glutamyl transpeptidase Ggtp NM_008116 1
Polyadenylate-binding protein,
cytoplasmic 1
Pabpc1 NM_008774 2
Translationally controlled tumor
protein
Tpt1 NM_009429 2
M. Nagano-Ito et al. / FEBS Letters 583 (2009) 1363–1367 13652.6. DNA sequence determination
DNA sequences were determined using an ABI PRISM 3100-
Avant genetic analyzer with BigDye Terminator v.3.1 kit (Applied
Biosystems).Fig. 3. The expression of translationally controlled tumor protein (TCTP) mRNA in CHO-
pIRESpuro3 vector without insert. The amount of translationally controlled tumor protei
evaluated for normalization. (A) Agarose gel electrophoresis of the RT-PCR products. (B) T
(TCTP) (a) and GlcT-1 (b) mRNAs. The data are means of three independent measureme2.7. Cell culture conditions
Cells were maintained in DMEM (GIBCO) supplemented with
10% fetal bovine serum (Biowest) under 5% CO2. For the culture
of CHO-K1 cells, 34.5 mg/L proline was added to the above-men-
tioned medium.
3. Results
3.1. Isolation of genes that inhibit cell death induced by hydrogen
peroxide
To clone cDNAs encoding proteins that provide resistance to
oxidative stress, we used a retroviral-mediated, mammalian
expression cloning system. We chose murine E7 cDNA library be-
cause a wide variety of genes are expressed during early stage of
embryonic development. The procedure is depicted in the ﬂow-
chart presented in Fig. 1. A murine E7 cDNA library (in a pLIB vec-
tor) was transfected into packaging cells by calcium phosphate co-
precipitation to yield cRNA-carrying retroviruses, which in turn
were infected into the mouse ﬁbroblast cell line NIH/3T3. The in-
fected cells were then treated with hydrogen peroxide, and the
surviving cells were isolated by cloning. In this manner, we estab-
lished 200 cell lines resistant to 500 lM hydrogen peroxide. The
established cell lines were re-examined for hydrogen peroxide
resistance by using the WST-8 assay. Typical examples of the re-
sults are shown in Fig. 2, where strong hydrogen peroxide resis-
tance is observed in the cell lines examined. The integrated
cDNAs from the 15 most resistant cell lines were recovered by
PCR using primers matching the vector sequences, and were se-
quenced. The cDNAs identiﬁed in the cell lines are described in
the legends of Fig. 2 and Table 1. Several of the cDNAs that were
isolated are related to genes that impact the redox state of the cell
(Table 1). These include c-glutamyltranspeptidase, glutamine syn-
thetase, and glutathione S-transferase pi. Other resistant cell lines
contained cDNAs, such as polyadenylate-binding protein, cytosolic
1 (Pabpc1) and TCTP (which is also designated as fortilin or hista-
mine-releasing factor, HRF), which could possibly inhibit apopto-
sis. Anti-apoptic activities of Pabpc1 and TCTP in the setting of
oxidative stress have not been previously reported. Importantly,
Pabpc1 and TCTP cDNAs were recovered twice from different cell
lines, suggesting that they play signiﬁcant roles in protecting cells
against oxidative stress (Table 1).
Some of the isolated cDNAs were not full-length and lacked
small portions of the 50 coding sequence. The cDNA library that
we used had ATG in the 50 adaptor sequence. Although a Kozak se-
quence did not precede this ATG, translation could start at this po-
sition. Alternatively, the mRNAs of these cDNAs might start
translation from a downstream AUG. In addition, the cDNAs iso-
lated were not abundant mRNAs in the cDNA library, and are likelyK1 cells transfected with translationally controlled tumor protein (TCTP) cDNA and
n (TCTP) mRNA was estimated by RT-PCR. The expression of GlcT-1 mRNA was also
he histograms show relative expression of translationally controlled tumor protein
nts. Bars indicate S.D. Details are described in Section 2.
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Fig. 4. Hydrogen peroxide resistance of CHO-K1 cells transfected with translation-
ally controlled tumor protein (TCTP) cDNA. The cells (5.0  103) in 100 ll of DMEM
medium supplemented with fetal bovine serum and L-proline were seeded in each
well of a 96-well format microtiter plate. After 24 h, the medium was replaced by
one containing hydrogen peroxide. Following a 24 h incubation, the medium was
replaced, and 10 ll of WST-8 solution was added to each well. After 2 h of
incubation, absorbance at 450 nm was measured by a microplate reader (Model
550, Bio-Rad). Values are means of at least three experiments presented with S.D.
1366 M. Nagano-Ito et al. / FEBS Letters 583 (2009) 1363–1367not artifactual. We randomly chose seven cDNAs from the cDNA li-
brary and determined their nucleotide sequences. None of them
matched with cDNAs recovered from the cell lines. Three of the
hydrogen peroxide-resistant cell lines carried very short exoge-
nous cDNA(s) not relevant to cell death. These cell lines presum-
ably acquired hydrogen peroxide-resistance by spontaneous or
hydrogen peroxide-induced mutations in genomic DNA.
We focused on TCTP since this protein had been shown to be
anti-apoptotic [21]. To further conﬁrm the protective function of
TCTP against oxidative stress, we established a CHO-K1 cell line
stably expressing exogenous TCTP (pIRES-TC/CHO-K1), and exam-
ined its resistance to hydrogen peroxide damage. CHO-K1 cells
were chosen since this cell line is well suited and widely used for
overexpression of proteins from cDNAs. The expression of TCTP
mRNA in pIRES-TC/CHO-K1 cells was estimated by RT-PCR. As
shown in Fig. 3, pIRES-TC/CHO-K1 cells expressed TCTP mRNA
higher than the cells transfected with the vector without insert
(pIRES/CHO-K1). In contrast to TCTP mRNA, GlcT-1 mRNA was un-
changed. The pIRES-TC/CHO-K1cells were more resistant to hydro-
gen peroxide than pIRES/CHO-K1 and CHO-K1 cells (Fig. 4). The
survival rate of the cells decreased as the concentration of hydro-
gen peroxide increased. Only 34% and 23% of CHO-K1 and pIRES/
CHO-K1 cells, respectively, survived in the presence of 700 lM
hydrogen peroxide; however, no toxicity was observed to pIRES-
TC/CHO-K1 cells at this concentration (Fig. 4). These results dem-
onstrate that TCTP has a protective function against hydrogen per-
oxide-induced oxidative stress.
4. Discussion
Using retroviral-mediated expression cloning, we isolated
cDNAs encoding proteins which protect cells from hydrogen per-
oxide-induced cell death. Among the cDNAs isolated was c-glut-
amyl transpeptidase, which is involved in regulating cellular
glutathione levels. High-level expression of c-glutamyl transpepti-
dase is known to protect NIH/3T3 cells [14], ramos B cells [15], and
blood T cells [16] from hydrogen peroxide toxicity by promoting
intracellular glutathione synthesis. Glutamine has also been re-
ported to prevent hydrogen peroxide-induced cytotoxicity
[17,18]. Thus, it is not surprising that its synthetic enzyme, gluta-
mine synthetase, prevents cytotoxicity. Glutathione S-transferase
pi is a drug metabolizing enzyme which protects cells from hydro-
gen peroxide-induced cell death via coordinated regulation of
stress kinases [19].Other cDNAs that were identiﬁed encoded proteins related to
apoptotic signaling. TCTP was initially identiﬁed as a factor impli-
cated in human allergic responses [20]. However, recent studies
showed that TCTP stabilized Mcl-1, a member of the Bcl-2 family,
and inhibited apoptosis [21,22] induced by various reagents such
as 5-ﬂuorouracil [23] and etoposide [21]. TCTP was upregulated
in breast cancer cells after treatment with hydrogen peroxide
[24]. We established a CHO-K1 cell line overexpressing TCTP, and
using this cell line we conﬁrmed that protection against hydrogen
peroxide toxicity is an additional physiologic function of mamma-
lian TCTP. Although TCTP inhibits the apoptotic signaling pathway,
protection of the cells from hydrogen peroxide might not be re-
lated to the pathway. Very recently, Gnanasekar et al. reported that
TCTP from the parasite Brugia malayi functions as an antioxidant
protein when overexpressed in Escherichia coli [25]. These bacteria
were resistant to hydrogen peroxide, suggesting that the TCTP pro-
tein itself had reduced the activity of the oxidant. Thus, mamma-
lian TCTP might also function as a reducing protein. An anti-
apoptotic activity of Pabpc1 protein has not been reported previ-
ously. Pabpc1, however, is known to be a substrate for caspases
[26]. Thus, overexpression of this protein might interfere with
the cleavage of target proteins in the apoptotic signaling pathway.
In our experiments, NIH/3T3 and CHO-K1 cells treated with
hydrogen peroxide showed morphological changes similar to those
seen during apoptosis. However, their genomic DNA did not show
either DNA ladder pattern formation or smearing (data not shown).
It was recently reported that hydrogen peroxide-treated human
ﬁbroblasts release Cytochrome c from mitochondria, and activate
caspase 3, but lack nuclear DNA fragmentation [2]. This ﬁnding
suggests that hydrogen peroxide treatment might alter the apopto-
tic cascade somewhere after caspase 3 activation.
In this study, we successfully identiﬁed hydrogen peroxide-
resistance genes in the mouse embryo. This strategy will be useful
for a comprehensive identiﬁcation of genes that protect against
drugs that cause oxidative stress.References
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